Several approaches have been applied for quanti fication of D2 dopamine receptors in positron emission tomog raphy studies using e lC]raclopride. Initial approaches were based on analyses of data obtained after rapid bolus injection of e lC]raclopride. A continuous infusion paradigm has more re cently been applied. The current study compares these ap proaches in healthy men. Two positron emission tomography measurements were performed in each of six healthy men, the first with rapid bolus injection and the second with continuous infusion of C lC]raclopride. In rapid bolus injection, the bind ing potential was calculated by the following methods. One approach is the kinetic analysis using the standard three compartment model. Another is to define a transient equilib-
The radioligand [ l I C]raclopride is widely used for de termination of central D2 dopamine receptors using pos itron emission tomography (PET) (Farde et aI., 1985; Kohler et a!., 1985) . Positron emission tomography mea sures the total radioactivity in brain regions. The differ entiation of specific receptor binding from the back ground of nonspecifically bound and free radioligand is a fundamental problem in quantitative analyses. To solve this problem, a variety of approaches have been sug-rium at the moment when the specific binding reaches its maxi mum. In continuous infusion, binding potential was calculated by using time-activity data at equilibrium condition. All meth ods gave almost identical binding potential, representing cross validation of these methods. The continuous infusion method can provide "true" equilibrium condition. The kinetic analysis is a sophisticated approach but requires determination of an arterial input function. The transient equilibrium method thus is suitable for routine clinical research, since it does not require determination of an arterial input function. Key Words: Pos itron emission tomography-e IC]Raclopride-D2 dopamine receptors-Transient equilibrium.
gested and applied for analysis of e l C]raclopride bind ing. One approach is to apply a kinetic analysis that is based on the assumption that e l C]raclopride binding can be described by the standard three-compartment model (Mintun et aI., 1984; Huang et aI., 1986; Wong et aI., 1986; Farde et aI., 1989; Price et aI., 1993; Lammertsma et aI., 1996) . This approach is experimentally demanding and includes an arterial input function that has to be corrected for radioligand metabolites in plasma. The rate constants obtained from the three-compartment model can be used to calculate the curve for specific e l C]ra clopride binding (Cb) and the nonspecific ally bound and free radioligand concentration (Cn) in a brain region. To avoid the need for an arterial input function, sev eral quantitative approaches are based on the use of a reference region such as the cerebellum, which is a brain region almost devoid of D2 dopamine receptors (Martres et aI., 1985) . Specific receptor binding, Cb, is defined as the difference between the total radioligand concentra tion in a brain region and the concentration in the cer ebellum. This approach is based on the assumption that the radioactivity in the cerebellum is a valid estimate for the nonspecific ally bound and free radioligand concen tration, Cn ' in a brain region with D2 dopamine receptors.
Another assumption is that [ l l C]raclopride binding satisfies equilibrium conditions after rapid bolus injec tion. Equilibrium has practically been defined in several ways. An early approach was to define equilibrium as occurring when the ratio of Cb to Cn approaches a plateau (secular equilibrium) (Farde et aI., 1986) . Theoretically, a more correct approach is to assume equilibrium con ditions at the transient moment when the specific binding is maximal (transient equilibrium) (Farde et aI., 1989) .
To improve the reliability of the calculations, the brain time-activity curves can be integrated for a time interval that either embraces the time for transient equilibrium (Nordstrom et aI., 1993; Nyberg et aI., 1993; Nakashima and Farde, 1995) or represents a late part of the curve (Brooks et aI., 1992; Rinne et aI., 1993; Volkow et aI., 1993; Lammertsma et aI., \996) .
Theoretically, a "true" equilibrium condition with constant concentration of Cb and Cn can be obtained only by continuous infusion of ligand (Patlak and Pettigrew, 1976; Kawai et aI., 199 1; Lassen, 1992; Carson et aI., 1993; Abi-Dargham et aI., 1994; Laruelle et aI., 1994; Carson et aI., 1997) . The continuous infusion method recently has been applied to determine e 1 C]raclopride binding in the monkey brain (Carson et aI., 1997) . Im portantly, the continuous infusion method is based on the assumption that the radioactivity in the cerebellum is a valid estimate for the nonspecifically bound and free radioligand concentration, Cn ' in a brain region with D2 dopamine receptors.
Despite extensive studies with [ II C]raclopride, there is no consensus on an optimized quantitative approach. The current study compares six approaches for quantification of e l C]raclopride binding. Two PET measurements were performed in each of six healthy men. The first measurement was performed with rapid bolus injection, and the second was performed with continuous infusion of e l C]raclopride.
METHODS

Subjects and design
The study was approved by the Ethics and the Radiation Safety Committees of the Karolinska Hospital. Six healthy men (aged 24 to 37 years) were recruited and gave written informed consent. The subjects were healthy according to medical his tory, physical examination, blood and urine screening analyses, and magnetic resonance (MR) imaging of the brain. They were not taking any medication.
In each subject, two PET measurements were performed on different days. The first measurement was performed with rapid bolus injection of [llqraclopride, and the second included an initial rapid bolus injection followed by continuous infusion.
Positron emission tomography procedures
The PET system used was Siemens ECAT Exact HR (Knox ville, TN, U.S.A.), which provides 47 sections with a center to J Cereb Blood Flow Metah. Vol. 18. No.9. 1998 center distance of 3.125 mm (Wienhard et a!., 1994) . The in trinsic spatial resolution was 3.6 mm in plain and 4.0 mm full width at half maximum axially. With a Hanning filter, the reconstructed in plain resolution was 5.5 mm full width at half maximum. Data were acquired in three-dimensional mode. Scatter correction was done (Watson et a!., 1996) . A head fixation system with an individual plaster helmet was used in the PET and MR imaging examinations to allow mastery of positioning between the two modalities (Bergstrom et a!., 1981 ) .
Rapid bolus injection. After intravenous rapid bolus injection of 293 to 336 MBq e I C]raclopride during 2 seconds, data were acquired for 63 minutes in a consecutive series of time frames. The frame sequence consisted of three I-minute frames, four 3-minute frames, and eight 6-minute frames. The specific ra dioactivity of e lqraclopride was 19 to 48 GBq/J.l.mol at time of injection. Continuous infusion. Intravenous continuous infusion of C Iqraclopride was performed after an initial rapid bolus in jection. The continuous infusion was started at about 10 sec onds after the rapid bolus injection. For continuous infusion, a computer-controlled pump was used. Data were acquired for 81 or 93 minutes in a consecutive series of time frames. The frame sequence consisted of 3 I-minute frames, 4 3-minute frames, and II or 13 6-minute frames. The optimal proportion between the initial rapid bolus injec tion and the continuous infusion was individually predicted for each subject according to the literature (Carson et a!., 1993; Carson et a!., 1997) . The proportion of the rapid bolus compo nent relative to the continuous infusion component of [ l lqra_ clopride is given by the parameter Kb ol' This parameter has the dimension minute and defines the proportion of the bolus com ponent to be equal to Kb ol minutes worth of continuous infu sion. The determination of the Kb ol value was based on analysis of the tissue response curves using the arterial input function and the kinetic parameters that were obtained from the mea surement after rapid bolus injection. The tissue response curves for the continuous infusion were calculated for the putamen and the cerebellum as a function of Kb o1' The optimal Kb o1 value was determined to reach constant radioactivity levels in both regions in the shortest time. The total radioactivity of e Iqra_ clopride administrated was 354 to 527 MBq decay-corrected to the time of bolus injection. The proportion of the bolus com ponent was 38% to 51 % (Kb o1 : 52 to 91 minutes, n = 6). The specific radioactivity of e lqraclopride was 25 to 50 GBq/ J.l.mol at time of bolus injection.
To obtain the arterial input function, an automated blood sampling system was used during the first 5 minutes of each measurement (Eriksson et a!., 1988) . Thereafter, arterial blood samples were taken manually at the midpoint of each frame until the end of the measurement (Farde et a!., 1989) . The fraction of radioactivity representing unchanged [llqraclo pride in plasma was determined by gradient HPLC (Swahn et a!., 1994; Halldin et a!., 1995) . For HPLC analysis, arterial blood samples were taken at 4 minutes, 10 minutes, and every 10 minutes until the end of the measurement. The data of the fraction of unchanged r 1 1 qraclopride were used with linear interpolation.
Regions of interest
T 2-weighted MR images of the brain were obtained using the same positioning of the head and series of sections as in the PET studies. The MR imaging system used was GE Signa (Milwaukee, WI, U.S.A.) at 1.5 T. Regions of interest were drawn on the MR images and transferred to the reconstructed PET images. Regions of interest were defined for putamen and cerebellar cortex. Regions of interest for putamen were drawn covering the level of Monro ' s foramen. Each region of interest was drawn in four adjacent sections and data were pooled to obtain the average radioactivity concentration for the whole volume of interest. To obtain regional time-activity curves, regional radioactivity was calculated for each frame, corrected for decay, and plotted versus time.
Theory of calculation of radioligand binding
The time-activity curves of several neuroreceptor ligands have been described by the standard three-compartment model with four first-order rate constants ( Fig. I) (Mintun et a!., 1984; Huang et a!., 1986; Wong et a!., 1986; Farde et a!., 1989) . Three compartments are defined as follows: C p is the radioactivity concentration of unchanged radioligand in plasma (arterial in put function), Cn is the radioactivity concentration of nondis placeable radioligand in brain, which includes nonspecifically bound and free radioligand concentration, and Cb is the radio activity concentration of radioligand specifically bound to re ceptors. The rate constants K] and k2 describe the influx and efflux rates for radioligand diffusion through the blood-brain barrier. The rate constants k3 and k4 describe the radioligand transfer between the compartments for nondisplaceable radio ligand and specific radioligand binding to receptors. According to this model, the following equations can be expressed:
Here, C,(t) is the total radioactivity concentration in a brain region. The PET measures the sum of C,(t) and the radioactivity concentration in blood.
The three-compartment model analysis is based on the use of data from a PET measurement in which the radioligand has been labeled to high specific radioactivity. At such a condition, the receptor density Bmax and affinity Kd cannot be differenti ated (Mintun et a!., 1984; Huang et a!., 1986; Farde et a!., 1989) . As seen from the following equations, the ratio Bma)Kd corresponds to the ratio of k3 to k4, often referred to as the binding potential (BP) (Mintun et aI., 1984) :
where, f2 is the free fraction of radioligand in the nondisplace able compartment. In the current study, the fraction of radioli gand unbound to plasma proteins were not measured, and there fore, f2 value could not be calculated. According to the litera ture, f2 was assumed to be unity (Farde et aI., 1989) . Furthermore, when a radioligand with high specific radioactiv ity is used, the ratio of Cb to Cn at equilibrium conditions also corresponds to the ratio Bma)Kd (Farde et a!., 1989) . The three-compartment model used to describe the ki netics of ["C]raclopride binding in brain.
Calculation of binding potential for [ l l C]racIopride
The following five approaches were used to quantify [llqraclopride binding after the rapid bolus injection: the ki netic methods (direct and indirect), the transient equilibrium method, the interval method, and the late time method. One approach was applied to the data obtained after continuous infusion. All of these approaches allowed the calculation of the BP for the putamen.
1. Kinetic method (direct): The BP was defined as the ratio between the parameters k3 and k4 as calculated using the three-compartment model.
To estimate the rate constants, a conventional nonlinear least squares fitting procedure was applied to the regional time-activity curves (Marquardt, 1963) . In this analysis, four parameters (K1, k2 ' k3, and k4) were estimated. The radioactivity of unchanged [Ilqraclopride in plasma was used as the arterial input function (Farde et aI., 1989) . Two approaches were applied to correct for the effect of radio activity in the cerebral blood volume. The first was to ex clude the first frame of the regional time-activity curves (Koeppe et aI., 1990) . The second was to use standard val ues for regional cerebral blood volume (Yamaguchi et aI., 1986; Leenders et a!., 1990) and the curve for measured radioactivity in arterial whole blood. The calculated radio activity in the blood was thereafter subtracted from the re gional time-activity curves. For cross-validation, the rate constants obtained by the two approaches were compared. 2. Kinetic method (indirect): Since the ratio of k3/k4 is sensi tive for noise in the PET measurement, BP also was calcu lated using the following equation (Lammert sma et a!., 1996):
where, V d( p u,) and V d(c er) are the total distribution volumes (equal to (K/k2)·(l + kik4» of the putamen and the cer ebellum, respectively (Lammertsma et a!. , 1996) . This method thus is based on the use of the cerebellum as a reference brain region devoid of D2 dopamine receptors. 3. Transient equilibrium method: The condition of transient equilibrium is theoretically defined as occurring when the derivative for specific binding is zero (Farde et a!., 1989) . As seen from equation 2, Cb(t)/Cn(t) is equal to k3lk4 at this condition.
Since the cerebellum is a brain structure with a negligible density of D2 dopamine receptors (Martres et a!., 1985) , the radioactivity concentration in the cerebellum, Cc er (t), was used as a measure of
where cb re f (t) is the specific binding calculated using the cerebellum as a reference region (Fig. 2) . To calculate cb re f (t), the fitted curves for C,(t) and Cc er (t) obtained in the direct kinetic approach were used. The time of transient equilibrium was determined using this time-activity curve, cbr e f (t).
4.
Interval method: Using the interval method, BP is defined by the following equation:
Cc e /t) was used as an estimate for Cn(t). The integration interval, 9 to 45 minutes, which includes the time for tran sient equilibrium (20 to 24 minutes; see Results), was used . Transient equilibrium f '.':: , for the cerebellum [Cc e r (t)] and specific bind ing using a reference region, that is, the cerebellum: cb re \t) = Ct(t) -Cc e r (t). The time of transient equilibrium is defined as the time when the time derivative of cb re \t) is zero. (Nyberg et aI., 1993) . This time interval has been shown to
give the lowest coefficient of variance in a large series of healthy subjects (n = 39) (Nakashima and Farde, 1995 (t -7 00) (10) Ccer(t) was used as estimate for Cn(t). The total distribution volumes of the putamen (V d(put) and the cerebellum (V d(ccr) were obtained using the following equations (Lassen, 1992) :
Data for a time interval when Ct(t), Ccer(t), and Cp(t) were at a constant level were used for these calculations (see Results).
Comparison of C cer (t) and calculated Cn(t)
The validity of using the radioactivity concentration in the cerebellum Cccr(!) as an estimate for Cn(t) was examined. Cn(t) was calculated for each subject ' s time-activity curve of the putamen after rapid bolus injection using the following expres sion, which is derived from equations I through 3 (Farde et aI., 1989; Blomqvist et aI., 1990) :
As seen in equation 13, Cn(t) is dependent on the density of available receptors. The rate constants and fitted curve for Ct(t) obtained by the direct kinetic approach were used. The calcu lated Cn(t) was compared with Cccr(t).
The use of Ccer(t) as an estimate for Cn(t) causes an error in the calculation of the specific binding. This error can be cal culated by comparing the radioactivity concentrations of radio ligand specifically bound to receptors obtained from the equa tion cb re f(t) = Ct(t) -Ccer(t) (specific binding using cerebel lum) and Cb(t) = Ct(t) -Cn(t) [specific binding using calculated Cn(t)].
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Simulation study
Effect of binding potential on CJt), To test the effect of the BP on Cn(t) after rapid bolus injection, Cn(t) were simulated for a range of BP values. Tissue time-activity curves for the pu tamen (0 to 60 minutes), C/t), were generated based on the three-compartment model using assumed values for the rate constants K 1 , k2 ' k3 ' and k4. The K I , k2, and k4 values were assumed to be 0.16 mLimLimin, 0.40 min-I , and 0.09 min-1 , respectively. These values were taken from the results obtained with the direct kinetic approach. A series of tissue time-activity curves for the putamen were generated by varying k3 from 0 to 0.45 (min-1 ) in seven steps. This corresponds to BP values between 0 and 5. Cn(t) then was calculated for each of the seven time-activity curves (BP = 0 to 5) using equation 13. Cn(t) in a region with a BP of zero corresponds to the time-activity curve in a reference region that has no specific binding, Crcit). The time courses of specific binding using Cn(!) [Cb(t) = C/!) -Cn(t)] were compared with those using reference region [cb re f(t) = Ct(t) -Cr eit)]. The input function used in this simulation was interpolated by a sum of two exponential func tions in the time interval 3.5 to 60 minutes (0 to 3.5 minutes, linear interpolation).
Error of binding potential calculated by the transient equi librium method and the interval method. When the K1 values of putamen are different from those of reference region because of a change of CBF in the putamen caused by neurologic and psychiatric diseases, this might have an effect on BP calculated by the transient equilibrium method and the interval method. A simulation study was performed to estimate this error. Tissue time-activity curves for the putamen (0 to 60 minutes) were generated according to the three-compartment model. The K/ k2 and k4 values were assumed to be 0.40 mLlmL and 0.09 min-1 , respectively. Tissue time-activity curves for the puta men were generated with K 1 values between 0.10 and 0.22 mLimLimin and with k3 values between 0.045 and 0.45 min-I, corresponding to BP values of 0.5 to 5. A tissue time-activity curve for the reference region also was generated according to the two-compartment model using 0.16 mL/mL/min and 0.40 min-1 and K 1 and k2 values, respectively. These assumed val ues were taken from the results obtained with the direct kinetic approach. The input function used in this simulation was inter polated by a sum of two exponential functions in the time interval 3.5 to 60 minutes (0 to 3.5 minutes: linear interpola tion). The BP values were then calculated by both the transient equilibrium method and the interval method using the gener ated tissue time-activity curves. The estimated BP values were compared with the assumed BP values (equal to k3ik4)'
The first-pass extraction fraction of [' 1 C]raclopride was 30% (Farde et aI., 1989) . Using this extraction fraction and a K I value of 0.16 mLimL/min, the PS (capillary permeability surface area product) value was calculated (Renkin, 1959; Crone, 1963) . With this PS value, the K 1 range of 0.11-0.17 mLimLimin corresponds the CBF range of 0.15 to 0.85 mLl mLimin. Since cerebral infarction occurs in a brain region with CBF values less than 0.15 mLimL/min (Lenzi et aI., 1982; Shishido et aI., 1986) , K I values of less than 0.10 mLimLimin were not considered in this simulation.
RESULTS
The time courses for radioactivity in the putamen, the cerebellum, and unchanged [ l l C]rac1opride in plasma obtained after rapid bolus injection are shown for one subject in Fig. 3 . The time-activity curves for the puta- men and the cerebellum were well described by the three-compartment model. The rate constants and the to tal distribution volumes for the putamen and the cerebel lum obtained by the direct kinetic approach are given in Table 1 . Using the cerebellum as a reference region, the time of transient equilibrium varied between 20 and 24 minutes (n = 6) after rapid bolus injection. The two methods applied to correct for the effect of radioactivity in cerebral blood volume gave almost identical results in the direct kinetic approach (data not shown).
The time courses for radioactivity in the putamen, the cerebellum and unchanged [ II C]raclopride in plasma during continuous infusion are shown for one subject in Fig. 3 . The time courses for the ratio of the specific binding cb ref (t) to the cerebellum Cc er (t) are shown for all subjects in Fig. 4 . Assuming that the equilibrium con ditions were obtained during the interval of 63 to 81 minutes, the radioactivity integrated over this interval was compared with earlier intervals to see if equilibrium conditions also were satisfied at earlier time. The radio activity integrated over time for four consecutive 18-minute intervals of the putamen, the cerebellum, and unchanged [ II C]raclopride in plasma during continuous infusion are given in Table 2 . For the time interval of 45 to 63 minutes, the regional and plasma radioactivity and Cb ref (t)/Cc e /t) were on a similar level as the time interval 63 to 81 minutes ( Fig. 4 ; Table 2 ). Therefore, the data integrated for a wider interval, 45 to 81 minutes, were used in the continuous infusion method. The total distri bution volumes for the putamen and the cerebellum are given in Table 1 .
The average BP values obtained by the different meth ods are given in Table 3 and for each individual in Fig.  5 . The BP values obtained by the transient equilibrium method and the interval method were in close agreement with those obtained by the direct and indirect kinetic method and the continuous infusion method. The BP value obtained by the late time method was 21 % to 30% higher than those obtained by all the other methods. This difference was statistically significant (P < 0.0 1, paired t test).
U sing the rate constants obtained by the direct kinetic 1.75 ± 0.43 0.42 ± 0.08 (BP = 3.11 ± 0.3 1)
The total distribution volumes and binding potential obtained from the continuous infusion are also given. Values are mean ± SD. BP, binding potential. approach, the time curve for Cn(t) was calculated for the six subjects (Fig. 6) . The average experimental curve and fitted curve in the direct kinetic approach for the puta men and the cerebellum also are shown in Fig. 6 . Cn(t) was lower than the cerebellar curve during the early phase, and higher during the late phase after injection. The time of intersection between Cn(t) and the curve fitted to cerebellum was observed around the point of transient equilibrium as defined using the cerebellum. The time courses of specific binding using calculated Cn(t) (Cb(t) = putamen -Cn(t» and using Cc er (t) (cb re f(t) = putamencerebellum) also are shown in Fig.  6 . The time difference between transient equilibrium as defined by the peak of the two curves was less than 2 minutes.
The time course for Cn(t) was simulated for different BP values ranged from 0 to 5 ( Fig. 7 A) . Cn(t) in a region with a BP of zero corresponds to the time-activity curve in a reference region with no specific binding, Cr ei t). In regions with specific binding (BP > 0), Cn(t) was lower than Cr ei t) in the early phase and higher in the late phase after injection. The larger the BP, the larger is the dif ference between Cn(t) and Cr ei t). For each BP value, the time of intersection between Cn(t) and Cr e t{t) is that of transient equilibrium using an ideal reference region with The integrated values were calculated for the putamen, the cerebel lum, and unchanged e l C]raciopride in plasma, and expressed in per cent (mean ± SO) of the value for the interval 63-81 minutes. * c b re f = Ct-C cer a BP of zero (Fig. 7B ). As seen in Fig. 7B , the time of transient equilibrium is dependent on the BP value. Higher BP corresponds to later time of transient equilib rium. For all BP values, the time difference between transient equilibrium using Cn(t) and using reference re gion was found to be less than 3 minutes. Errors of BP calculated by the transient equilibrium method for assumed BP and K1 values are shown in Fig.  SA . When the assumed BP values were 2 to 5, errors of estimated BP were within +10%. The largest overesti mation was observed for low K[ values and low BP values.
Errors of BP calculated by the interval method for assumed BP and Kl values are shown in Fig. SB . When the assumed BP values were 0.5 to 3, errors of estimated BP were about ±1O%. The largest underestimation was observed for low K1 values and high BP values.
DISCUSSION
e lC]Raclopride is a widely used radioligand for PET imaging of central D2 dopamine receptors. Throughout the years, several approaches have been suggested and applied for quantification of [IIC]raclopride binding with rapid bolus injection. Theoretically, a true equilibrium condition can be obtained only by the continuous infu sion of ligand. The current study compares two experi mental paradigms after rapid bolus injection and continu-0
Subject 1 " ous infusion in healthy men. The BP obtained by the continuous infusion method was found to be different by only a few percentage points from most methods used to examine [ ll C]raclopride binding after rapid bolus injec tion ( Fig. 5 ; Table 3 ).
Rapid bolus injection
The time-activity curves for the putamen and the cer ebellum obtained after rapid bolus injection were well described by the three-compartment model, supporting this model as being suitable for interpretation of experi mental data (Fig. 3A) . Although nice curve fitting was obtained in all subjects, the highest coefficient of varia tion was observed with the direct kinetic method (Table  3 ). This is probably because of an interdependency of parameters, indicating that this approach is sensitive to noise in the PET measurements (Lammertsma et aI., 1996) .
The transient equilibrium method, the interval method, and the late time method have an advantage when used for routine purposes, since they do not require an arterial input function. Notably, the BP values obtained by the transient equilibrium and the interval methods were in close agreement with those obtained by the direct and indirect kinetic methods ( Fig. 5; Table 3 ), whereas the late time method caused a significant overestimation of BP.
Continuous infusion
During continuous infusion, the radioactivity in brain regions and plasma, as well as the ratio Cb re f(t)/Cc e /t),
reached an almost constant level in the time period of 27 to 45 minutes from the start of the measurement (Figs. 3 and 4; Table 2 ). This observation confirms previous ob servations in the rhesus monkey (Carson et a!., 1997) , and indicates that the true equilibrium condition can be obtained by initial rapid bolus injection and continuous infusion of e lC]raclopride in healthy men (Carson et aI., 1993) . Notice that the total distribution volumes for the putamen and the cerebellum and the BP were in close agreement with the rapid bolus injection and the continu ous infusion (Table 1) . Since both methods are based on the three-compartment model, this similarity is theoreti cally expected if Cc er (t) in the continuous infusion study is a valid and reliable estimate for Cn(t).
Transient equilibrium method
The observation that BP values obtained by the tran sient equilibrium method were in close agreement with those obtained by the direct and indirect kinetic methods and the continuous infusion method represents cross validation of the currently used methods for quantifica tion of e 1C]raclopride binding ( Fig. 5; Table 3 ). How ever, the transient equilibrium method gave a BP that was slightly higher (6%) than that obtained by the direct kinetic method (Table 3) . This difference was not statis tically significant but can be expected from the slight J Cereb Blood Flow Metab. Vol. 18, No.9, 1998 deference in time for transient equilibrium using calcu lated Cn(t) and cerebellum (Fig. 6) . This difference was less than 3 minutes for all BP values in the simulation studies (Fig. 7B) , and resulted in a less than 8% overes timation of the BP (Fig. 8A) , which is at the same order as the 6% difference in the experimental data.
The time of transient equilibrium using reference re gion is defined as the time when the time derivative of cb re f(t) is zero (Farde et aI., 1989) :
Using equation 3:
Assuming that the reference region has no specific bind ing of [11C]raclopride to D2 dopamine receptors, follow ing equation is valid:
Assuming identical K 1 and k2 values in the reference region and in the putamen, equation 15 and 16 can be combined to:
which can be simplified to:
It can be seen from equation 18 that the equality C re rCt) = Cn(t) is valid at the time of transient equilibrium using reference region (Fig. 7) . On the other hand, dCn(t)/dt is not necessarily equal to dC re t{t)/dt at this time. This means that, in general, dCb(t)/dt is not zero at the time of transient equilibrium using reference region (equation 15). Thus, the points of transient equilibrium using ref erence region (dcb re f(t)/dt = 0) and transient equilibrium using Cn(t) (dCb(t)/dt = 0) are different, even if the reference region and the putamen have identical KJ and k2 values.
Even if the K J values of putamen and reference region, i.e., cerebellum are different because of neurologic and psychiatric diseases, the errors of BP as calculated by the transient equilibrium method were within + 10% (Fig.  8A) , supporting its validity. The largest overestimation was observed for low Kl values and low BP values. This indicates that the transient equilibrium method may not provide accurate BP when the BP value is low at the same time as the K1 value is low.
Interval method
The BP values obtained by the interval method also were in close agreement with those obtained by the direct and indirect kinetic method, the transient equilibrium method, and the continuous infusion method, indicating its validity (Table 3) .
The time of transient equilibrium is dependent on the BP (Fig. 7B ). Since the interval method assumes a fixed time interval, this might cause errors in BP calculated by the interval method. In the simulation study, errors of BP calculated by the interval method were about ± 10% when the assumed BP values were 0.5 to 3 (Fig. 8B) . Largest underestimation was observed for low K l values and high BP values. This indicates that the interval method may not provide accurate BP when the BP value is high at the same time as the Kl value is low.
Comparing the errors of BP caused by changed BP and K l values between the transient equilibrium method and the interval method (Fig. 8) , the systematic errors of BP were larger in the interval method than in the tran sient equilibrium method. However, the interval method gave a lower coefficient of variation than the transient equilibrium method because of reduced statistical noise when using data from a wide interval (Table 3 ; Na kashima and . This supports that the interval method may provide more a reliable BP in measurements of D2 dopamine receptors ' occupancy after administra tion of neuroleptic drugs (Nordstrom et a!., 1993; Nyberg et a!., 1993) .
Late time method
The late time method has been used in applied studies for the measurement of BP (Brooks et a!., 1992; Rinne et a!., 1993; Volkow et a!., 1993; Lammertsma et a!., 1996) . However, this method was the only method that caused significant overestimation of the BP (Table 3 ) (Na kashima and .
The experimental data and the simulation showed that Cn(t) was lower than the radioactivity concentration of reference region in the early phase and higher in the late phase after injection (Figs. 6 and 7 A). In particular, the difference between C re t<t) and Cn(t) was large for a high BP ( Fig. 7 A) . This indicates that in the early phase, when there is a rapid association of ligand to receptors, Cn(t) becomes lower, and in the late phase, when there is a net dissociation of ligand from receptors, Cn(t) becomes higher than the tracer concentration in a region without receptors (i.e., cerebellum [Farde et a!., 1989] ). This must have been one of main reasons for the overestima tion of BP in the late time method that Cn(t) values were higher than the radioactivity concentration in cerebellum during a late phase after injection. Another reason would be that the late time method is not based on data at equilibrium conditions.
A fourth compartment
The quantification of neuroreceptors using a reference region is a conventional approach for applied clinical neuroimaging. For quantification of [ 11 C]raclopride binding, the cerebellum has been used as a reference region (Farde et a!., 1989; Lammertsma et a!., 1996) . However, as previously reported, there is a component of the nonspecific binding in the cerebellum, which is not infinitely fast according to the kinetic analysis (Table 1) (Farde et aI., 1989; Lammertsma et a!., 1996) . This sug gests that "a fourth compartment" with two additional rate constants ks and k6 should be added to the standard three-compartment model (Biver et a!., 1994) . This prob lem was not addressed in the current study for two rea sons: (1) it is difficult to reliably calculate six parameters (Biver et a!., 1994) , and (2) the major aim of the current study was to compare the rapid bolus injection paradigm to the continuous infusion paradigm, which cannot dif ferentiate a fourth compartment.
CONCLUSION
The rapid bolus injection paradigm and the continuous infusion paradigm of e l C]raclopride were applied in each of six healthy men. All methods except the late time method gave almost identical BP values. This observa tion represents cross-validation of these methods. The continuous infusion method can provide a true equilib rium condition and has been suggested as a gold stan dard. This method can be applied for drug challenge study (Carson et a!., 1997) . The rapid bolus injection paradigm is simple compared with the continuous infu sion paradigm. The kinetic method is a sophisticated ap proach; however, this requires determination of an arte rial input function. The transient equilibrium method and the interval method thus are suitable for routine clinical research, since they do not require determination of an arterial input function.
